The Neisseria gonorrhoeae genome encodes a homologue of the Escherichia coli FNR protein (the fumarate and nitrate reductase regulator). Despite its similarity to E. coli FNR, the gonococcal FNR only partially complemented an E. coli fnr mutation. After error-prone PCR mutagenesis of the gonococcal fnr gene, we identified four mutant fnr derivatives carrying the same S18F substitution, and we showed that the mutant FNR could activate transcription from a range of class I and class II FNR-dependent promoters in E. coli. Prompted by the similarities between gonococcal and E. coli FNR, we made changes in gonococcal fnr that created substitutions that are equivalent to previously characterized substitutions in E. coli FNR. First, our experiments showed that cysteine, C116, in the gonococcal FNR, equivalent to C122 in E. coli FNR, is essential, presumably because, as in E. coli FNR, it binds to an iron-sulfur center. Second, the L22H and D148A substitutions in gonococcal FNR were made. These changes are equivalent to the L28H and D154A changes in E. coli FNR, which had been shown to increase FNR activity in the presence of oxygen. We show that the effects of these substitutions in gonococcal FNR are distinct from those of the S18F substitution. Similarly, substitutions in the putative activating regions of gonococcal FNR were made. We show that the activity of gonococcal FNR in E. coli can be increased by transplanting certain activating regions from E. coli FNR. The effects of these substitutions are additive to those due to S18F. From these data, we conclude that the effects of the S18F substitution in gonococcal FNR are distinct from the effects of the other substitutions. S18 is immediately adjacent to one of three N-terminal cysteine residues that coordinate the iron-sulfur center, and thus the S18F substitution is most likely to stabilize this center. Support for this came from complementary experiments in which we created the S24F substitution in E. coli FNR, which is equivalent to the S18F substitution in gonococcal FNR. Our results show that the S24F substitution changes the activity of E. coli FNR and that the changes are distinct from those due to previously characterized substitutions.
Neisseria gonorrhoeae can grow well in aerated, amino acidrich media supplemented with glucose, lactate, or pyruvate as the major source of carbon and energy (25) . It also has a limited ability to survive and grow anaerobically in the presence of nitrite as an alternative electron acceptor to oxygen (18) . Under these conditions, synthesis of at least three proteins, Pan1, Pan2, and Pan3 (proteins induced during anaerobic growth), is induced and five proteins are repressed (7) . Pan1 was subsequently renamed AniA (for anaerobically induced protein). The AniA protein is essential for nitrite reductase activity (24) . Expression of aniA is induced strongly during anaerobic growth in the presence of nitrite relative to aerobic growth in the absence of nitrite (8, 27) . The implication that gonococci respond to two environmental signals, the absence of oxygen and the presence of nitrite, was recently confirmed with the isolation and characterization of genes encoding homologues of the Escherichia coli transcription factor, FNR (fumarate and nitrate reductase regulator), and the nitrate-or nitrite-sensing two component regulatory systems, NarXL and NarQP. The corresponding gonococcal genes were insertionally inactivated and shown to be essential for the gonococcal response to oxygen limitation and the presence of nitrite (21) .
The gonococcal FNR is predicted to be 37.5% identical and 50% similar in amino acid sequence to the E. coli FNR protein (Fig. 1) . However, preliminary attempts to detect transcription activation by the gonococcal protein at four different E. coli FNR-dependent promoters were unsuccessful (see Table 1 in reference 21). In contrast, the gonococcal FNR repressed transcription from the E. coli ndh promoter to almost the same extent as the E. coli FNR protein. These results established that the gonococcal FNR expressed in E. coli is competent to recognize and bind to an E. coli FNR-binding site but interacts with the host RNA polymerase and activates transcription poorly.
Considerable progress has been made in understanding the mechanism of transcription activation by the E. coli FNR. To be effective as a transcription activator, four cysteine residues, one in the central region and three in the oxygen-sensing N-terminal domain, must bind a [4Fe-4S] iron-sulfur center (11, 16) . The FNR polypeptide is synthesized during both aerobic and anaerobic growth, but the associated iron-sulfur center is degraded in aerobic cultures with a half life of about 2 min (16) . The assembly of the [4Fe-4S] iron-sulfur center promotes dimerization during anaerobic growth, a prerequisite for FNR to bind to its inverted repeat target sequence at FNR-dependent promoters (19) . Transcription activation then depends upon effective contacts being made between key residues of FNR in so-called activating region 1 (AR1), AR2, and AR3, and different parts of RNA polymerase (3, 5, 31, 32) . The low level of transcription activation by the gonococcal FNR at E. coli FNR-dependent promoters offered an opportunity to The amino acid sequences of the gonococcal (Ng) and E. coli (Ec) FNR proteins were aligned. A vertical line denotes residue identity, a colon denotes strong residue similarity, and a dot denotes weak residue similarity. Residues comprising AR1 of E. coli FNR are marked with an asterisk, residues comprising AR2 are marked with a caret, and residues comprising AR3 are marked with a plus sign. Alpha-helices are lettered A to F and marked with rectangles; beta-sheets are numbered 1 to 12 and marked with arrows. The four cysteine residues that coordinate the iron-sulfur center of E. coli FNR are underlined.
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reveal key differences between FNR proteins in the two genera, and to provide new insights into differences in gene expression and its regulation in two pathogenic bacteria. Despite the considerable similarities between FNR in E. coli and N. gonorrhoeae, there are differences in residues thought to be important in ARs that contact RNA polymerase (Fig. 1) . It was anticipated that mutagenesis of these residues might generate an FNR derivative that activates transcription in E. coli. Here we describe successful experiments designed to introduce mutations into the gonococcal FNR protein that result in the production of novel derivatives able to activate transcription from a range of E. coli FNR-dependent promoters.
MATERIALS AND METHODS
Strains, plasmids, and oligonucleotide primers. Bacterial strains and plasmids used are listed in Table 1; oligonucleotide primers are listed in Table 2 .
Growth conditions. E. coli cultures were grown in Luria-Bertani broth (LB) supplemented with 0.4% glucose and appropriate antibiotics. Aerobic cultures (8 ml) were grown in 50-ml conical flasks with vigorous aeration; anaerobic 10-ml cultures were grown in narrow test tubes without aeration.
Construction of pGCFNR3. Plasmid pGCFNR3 was constructed by three-way ligation. The pBR322-based vector fragment was prepared by restricting pFNR (30) with HindIII and BamHI. This fragment was dephosphorylated with calf intestinal phosphatase and purified from an agarose gel. The E. coli fnr promoter was cloned as a 500 bp PCR product amplified from pFNR using primers EcpFNRHindIII and EcpFNRNcoI into pGEM T-Easy (Promega) with E. coli JM109 as the host. Plasmid DNA was isolated, restricted with HindIII and NcoI and the 500 bp band was purified from a 1% agarose gel. The gonococcal FNR coding sequence was amplified using primers NgFNRNcoIDS and NgFNRBam-HIUP2 and cloned into pGEM T-Easy. Plasmid DNA was isolated, restricted with HindIII and NcoI and the 1.5-kb band was purified from a 1% agarose gel. The three fragments were ligated together and transformed into E. coli strain JM109 with selection for ampicillin resistance.
Error-prone PCR mutagenesis. Pools of gonococcal fnr genes containing random nucleotide changes were generated by error-prone PCR using BioTaq (Bioline). The fidelity of the DNA polymerase was decreased by increasing the concentration of magnesium ions in the reaction mixture to 3 mM. The PCR product was cloned into the vector pGEM-T Easy, transferred as an NcoIBamHI fragment into the vector fragment of pGCFNR3, and the resulting plasmids were transformed into ultra-competent E. coli strain JM109. Plasmid DNA was extracted from the pooled transformants and transformed into the fnr strain JCB3861. Transformants able to activate transcription from the nirB promoter were then identified as red colonies after overnight growth on MacConkey-lactose-ampicillin agar.
Random and site-specific mutagenesis of codon S18 of the gonococcal fnr gene. The QuikChange site-directed mutagenesis system (Stratagene) and degenerate primers NgFNR1 and NgFNR2 were used to replace the S18 codon of the fnr Ng gene carried on pGCFNR3 with random sequences. Codons for proline, cysteine and methionine not generated by this random procedure were then introduced using the specific PCR primers NgFNR3, NgFNR4, and NgFNR5 (Table 2 ). Plasmids expressing all 20 possible derivatives at codon 18 were transformed into the fnr mutant, E. coli strain JRG1728 with an FNR-dependent promoter, FF(Ϫ41.5), fused to lacZ and inserted at the attachment site.
Site-directed mutagenesis of the gonococcal and E. coli fnr genes. Site-specific mutations were introduced into the gonococcal fnr gene (on plasmid pGCFNR3) or the E. coli fnr gene (on plasmid pFNR) using the QuikChange site-directed mutagenesis system (Stratagene). Table 2 lists the primers used to create specific mutations.
␤-Galactosidase assay. ␤-Galactosidase activities of bacteria that had been grown either aerobically or anaerobically, in duplicate, were determined as previously described (15) . Units are nanomoles of o-nitrophenol-␤-D-galactoside (ONPG) hydrolyzed minute Ϫ1 (milligram of dry mass) Ϫ1 . Each experiment was repeated at least three times with freshly transformed E. coli.
Western blotting. The E. coli fnr mutant strain JRG1728 was transformed with pFNR or derivatives of pGCFNR3 and the transformants were grown with aeration to late stationary phase in LB supplemented with ampicillin. N. gonorrhoeae strains RUG7001 (fnr ϩ ) and RUG7022 (fnr) were grown microaerobically to exponential phase in gonococcal broth. Bacteria were harvested and lysed in sample buffer. Proteins separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis were blotted onto a polyvinylidene fluoride membrane, and the presence of FNR protein was detected using an antibody raised against E. coli FNR kindly supplied by Jeff Green.
Purification of FNR proteins. Gonococcal and E. coli fnr genes were cloned into the C-terminal His tag overexpression vector pQE60 (QIAGEN). QuikChange mutagenesis was used to introduce an S24F substitution into an fnr Ec (D154A) gene carried on pQE60, generating a doubly substituted fnr Ec gene. Two gonococcal fnr derivatives, D148A and S18F D148A, were amplified by PCR using primers NgFNRNcoI and NgFNRBglII. The resultant fragments were ligated into NcoI-BglII digested pQE60. FNR proteins were purified aerobically as described in (35) , except that XL1-Blue was used as an expression strain, and FNR proteins were purified aerobically by affinity chromatography using HiTrap chelating columns charged with nickel ions and an Ä KTA prime high-performance liquid chromatography machine (Amersham Biosciences). The iron-sulfur centers of FNR proteins were not reconstituted. Gel retardation assays. Gel retardation assays were used to examine the binding of FNR derivatives to DNA as previously described (4) , except that FF(Ϫ41.5) promoter DNA was used. 
RESULTS
Expression of the gonococcal FNR in E. coli. Plasmid pFNR contains the E. coli FNR-coding sequence cloned into pBR322 and expressed under the control of the E. coli fnr promoter (2). The coding sequence of the fnr gene from N. gonorrhoeae strain F62 was amplified by PCR and cloned into the vector fragment of pFNR to generate plasmid pGCFNR3. This plasmid was transformed into E. coli fnr mutant strain JRG1728. Western blotting using an antiserum to E. coli FNR detected a protein of similar size in E. coli strain JRG1728 transformed with pFNR or pGCFNR3, and in N. gonorrhoeae strain RUG7001, but not in the fnr mutant, N. gonorrhoeae RUG7022 (Fig. 2) .
Plasmid pGCFNR3 was transformed into two derivatives of the E. coli fnr strain JRG1728 in which class II and class I FNR-dependent promoters fused to a lacZ reporter gene had been integrated into the chromosome at the attachment site. The class II promoter, FF(Ϫ41.5), included a consensus FNRbinding site located at position Ϫ41.5 (i.e., the axis of symmetry of the FNR-binding site is located between bases 41 and 42 upstream from the transcription start) (34) . The class I promoter, FF(Ϫ71.5), has a consensus FNR binding site at position Ϫ71.5. A small activity above the background was detected following anaerobic growth of either transformant. Plasmid pGCFNR3 was also transformed into E. coli JCB3861, an fnr strain carrying a nirB::lacZ fusion. Little ␤-galactosidase activity above background was detected following anaerobic growth. It was concluded that gonococcal FNR is expressed from pGCFNR3 at levels comparable to the E. coli FNR from pFNR but activates transcription poorly in E. coli.
Mutations in the gonococcal fnr gene resulting in enhanced transcription activation in E. coli. In attempts to improve the ability of the gonococcal FNR to activate transcription at FNR-dependent promoters in E coli, the fnr coding sequence was amplified by error-prone PCR using N. gonorrhoeae strain F62 chromosomal DNA as template. The resulting library was cloned into the vector fragment of pGCFNR3 and transformed into E. coli strain JCB3861. Transformants able to activate transcription from the nirB promoter were then identified as red colonies after overnight growth on MacConkey-lactose- 
D154A GGTAAACGGCAACTCGCATACCTCGCTG a Engineered restriction sites are underlined. Mutations are shown in boldface type.
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ampicillin agar. Four such colonies were isolated from approximately 80,000 colonies screened. Three of the colonies contained plasmids encoding FNR proteins with a single amino acid substitution, serine 18 replaced with phenylalanine (S18F). However, these three plasmids also carried silent mutations elsewhere within the fnr sequence, establishing that they were the result of independent mutations. The fourth plasmid also encoded an FNR protein with the S18F substitution, but there were two additional amino acid substitutions.
Comparison of transcription activation by gonococcal FNR proteins at different consensus FNR-dependent E. coli promoters. The ability of the S18F variant to activate transcription at the FF(Ϫ41.5) and FF(Ϫ71.5) promoters was compared with transcription activation, or the lack of it, by both the unsubstituted gonococcal FNR and FNR from E. coli.
At the class II FF(Ϫ41.5) promoter, the E. coli FNR induced transcription 9.3-fold, giving a ␤-galactosidase activity during anaerobic growth of about 7,000 units (Fig. 3A) . Only very low ␤-galactosidase activity (250 units) was detected with the gonococcal FNR expressed from pGCFNR3 at this promoter. The S18F variant of the gonococcal FNR activated transcription to a level above 2,000 units, with an anaerobic to aerobic induction ratio of 6.8-fold. Western blotting demonstrated that the S18F derivative of gonococcal FNR was expressed in E. coli at a similar or slightly lower level to the wild-type FNR Ng protein (Fig. 2) .
At the class I FF(Ϫ71.5) promoter, the E. coli FNR activated transcription to a level of 2,200 units with a 7-fold anaerobic to aerobic induction ratio (Fig. 3B) . It should be noted that this promoter was also partially active in the absence of an FNR protein. Only 215 units of ␤-galactosidase activity were detected in the presence of gonococcal FNR. This increased to 680 units in the presence of the S18F form of the gonococcal FNR, with an induction ratio of 6.8. Clearly, therefore, the S18F form of gonococcal FNR can act as a class I transcription activator, though it is only 30% as effective as the E. coli FNR. Similar results were obtained with a second class I consensus, synthetic promoter, FF(Ϫ61.5) carried on the chromosome, and also with multicopy plasmids expressing lacZ under the control of either the FF(Ϫ41.5) or FF(Ϫ71.5) promoters (data not shown). In each situation, the gonococcal FNR either failed to activate transcription, or gave very low levels of ␤-galactosidase activity, but the S18F form gave significant transcription activation and induction ratios intermediate between the gonococcal and E. coli FNR. This established not only that the S18F form of the gonococcal FNR is able to activate transcription at both class I and class II FNR-dependent promoters, but also that it is still able to detect and respond to the presence or absence of oxygen.
To investigate whether other substitutions at codon 18 would also result in transcription activation in E. coli, 20 derivatives of gonococcal fnr were the generated, each bearing a different amino acid at position 18. The ability of the 20 gonococcal FNR derivatives to activate transcription at the FF(Ϫ41.5) promoter was assessed (Fig. 4) . Only two substitutions, S18F and S18Y, significantly increased transcription activation by gonococcal FNR. Furthermore, both of these mutated FNR proteins also activated transcription significantly during aerobic growth. These data indicate that the gonococcal FNR with either the S18F or the S18Y substitution is competent to interact with the E. coli RNA polymerase.
Comparison of the gonococcal and E. coli FNR proteins. Although the structure of E. coli FNR has not been determined, models based upon the crystal structure of the homologous E. coli CRP protein have proved useful in designing and interpreting mutagenesis data, and in studies of the mechanism of transcription activation by both proteins (6) . Different classes of substitution have been identified that affect different stages in transcription activation by the E. coli FNR. Substitutions in the cysteine residues that coordinate the iron-sulfur center of FNR, C20, C23, C29, and C122, reduce transcription activation (9) . Substitutions such as L28H and D154A result by independent mechanisms in increased transcription during aerobic growth. The L28H substitution (located adjacent to the third cysteine residue involved in the formation of an ironsulfur center) stabilizes the [4Fe-4S] center, and D154A strengthens subunit interactions at the dimerization interface of FNR (1, 17, 19) . Substitutions in the three ARs have led to the identification of residues that interact with the ␣ and subunits of RNA polymerase (5). The primary sequence was used to model the gonococcal FNR, and to compare its proposed structure with that of the E. coli FNR (Fig. 1) . This revealed not only that all four cysteine residues required to bind the iron-sulfur center are conserved, but also that L28 and D154 are conserved as L22 and D148. However, there are significant differences in the three ARs (Fig. 1) . To further investigate the basis for increased FNR-dependent transcription due to the S18F form of gonococcal RNA polymerase, further substitutions were introduced into the gonococcal FNR. Identification of the central cysteine residue essential for transcription activation by the gonococcal FNR protein. In the gonococcal FNR, there are only three N-terminal cysteines corresponding to C20, C23, and C29 in the E. coli FNR that provide ligands to bind the iron-sulfur center (11) . However, there are three cysteines in the central region that might provide the fourth ligand, corresponding to C122 of E. coli FNR (Fig. 1) . The central cysteine essential for oxygen sensing by gonococcal FNR was therefore determined.
Alteration of C116, which corresponds to C122 of E. coli   FIG. 3 . Effects of the substitutions L22H and D148A in the presence or absence of the S18F substitution on transcription activation by the gonococcal FNR at class I and class II FNR-dependent promoters. Mutations were introduced into the gonococcal fnr gene on plasmid pGCFNR3 using the QuikChange method. The mutated plasmids were transformed into strain JRG1728 carrying the consensus FNR-dependent promoter-lacZ fusions FF(Ϫ41.5) (A) or FF(Ϫ71.5) (B) integrated into the phage attachment site. Each transformant was assayed in duplicate from two independent cultures; units of activity are nanomoles of ONPG hydrolyzed ⅐ minute Ϫ1 ⅐ (milligram of bacteria [dry mass])
Ϫ1
. Error bars, standard deviations.
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on October 14, 2017 by guest http://jb.asm.org/ FNR, to alanine effectively abolished transcription activation by the wild-type or S18F gonococcal FNR at the FF(Ϫ41.5) promoter (Fig. 5A) . In contrast, substitution of C99, C105, or both residues to alanine had no effect on transcription activation, though the C105A substitution decreased the very low activity in the absence of S18F. Essentially identical results were obtained with the class I FF(Ϫ71.5) promoter (Fig. 5B) . It is concluded that C116 provides the fourth, essential ligand for binding the oxygen-sensing iron-sulfur center.
Effects of an L22H substitution in the gonococcal FNR on transcription activation in E. coli. The S18F substitution is located adjacent to the second cysteine that is involved in binding the oxygen-sensing iron-sulfur center of FNR (Fig. 1) . Superficially this is reminiscent of substitutions of residues adjacent to N-terminal cysteines of the E. coli FNR such as L28H that results in increased transcription activation during aerobic growth due to the stabilization of the [4Fe-4S] ironsulfur center (1, 17) . As a first step to probe the molecular basis for increased transcription activation, the effects of the S18F substitution were compared with that of an L22H derivative, which corresponds to the L28H substitution in E. coli FNR.
The L22H substitution slightly increased activity from the class II FF(Ϫ41.5) promoter from 100 to 200 units during aerobic growth, but had no effect during anaerobic growth (Fig. 3A) . However, the same substitution did not increase the rate of transcription at the class I FF(Ϫ71.5) promoter during aerobic or anaerobic growth (Fig. 3B) . The effects of combining the S18F and L22H substitutions were also determined. At the class II promoter, FF(Ϫ41.5), the double mutant carrying both the S18F and L22H substitutions activated transcription to a level of 900 units during aerobic growth, approximately double the activity of the S18F single mutant. The anaerobic activity remained at 2,000 units, typical of the S18F single substitution (Fig. 3A) . At the class I promoter, FF(Ϫ71.5), aerobic transcription in the presence of the S18F L22H double substitution was increased from 100 units due to L22H alone or 200 units due to S18F alone to more than 400 units (Fig. 3B) . These data suggest that the effects of the S18F and L22H substitutions are distinct and additive and therefore essentially independent of each other. Western blot analysis showed that the level of expression of the L22H derivative of the gonococcal FNR protein was similar to that of the wild-type protein (Fig. 2) .
Effects of a D148A substitution in the gonococcal FNR on transcription activation in E. coli. Substitutions such as D154A in the E. coli FNR strengthen subunit interactions at the dimerization interface, providing a second mechanism for increasing transcription activation. As D148 is conserved in the gonococcal FNR, it was of interest to construct a derivative carrying the substitution D148A, and to compare its properties with E. coli FNR. In marked contrast to the S18F substitution, the D148A substitution decreased the basal rate, especially at the FF(Ϫ41.5) promoter, during anaerobic growth (Fig. 3) .
At both the FF(Ϫ41.5) and FF(Ϫ71.5) promoters, the S18F D148A substituted gonococcal FNR protein had slightly higher aerobic and slightly lower anaerobic activity than the S18F derivative (Fig. 3) . In summary, these studies revealed differences between the effects of the D148A substitution on the gonococcal FNR and the corresponding substitution in the E. coli FNR. Increased transcription activation due to S18F was independent of the mutation at D148. 
Inability of the S18F or D148A substitutions to promote binding of gonococcal FNR to model FNR-dependent promoters in vitro.
The ability of the purified gonococcal FNR proteins to bind to the FF(Ϫ41.5) promoter was assessed by gel retardation assays. E. coli FNR (D154A) was included as a positive control. Known concentrations, between 0.05 M and 3 M, of purified FNR Ec (D154A), FNR Ng (D148A) and FNR Ng (S18F D148A) protein were incubated with terminally 32 P-labeled FF(Ϫ41.5) promoter DNA and separated by polyacrylamide gel electrophoresis (Fig. 6A) . In the absence of
FIG. 5. Identification of the central cysteine residue of the gonococcal FNR that is essential for transcription activation by FNR
Ng (S18F). The QuikChange method was used to change three cysteine residues on the central part of the gonococcal FNR to alanine, and the effects of the substitutions on transcription activation by FNR Ng and FNR Ng (S18F) in E. coli was determined. Each derivative gonococcal FNR was assayed in strain JRG1728 carrying the consensus FNR-dependent promoter-lacZ fusions FF(Ϫ41.5) (A) or FF(Ϫ71.5) (B) integrated into the phage attachment site. Open bars: aerobic cultures; hatched bars, anaerobic cultures. Other details are as explained in the legend to Fig. 3. FNR, the promoter DNA migrated to the bottom of the gel, but was retarded by the E. coli FNR (D154A) at all concentrations tested. In the presence of up to 3 M of the gonococcal FNR proteins, the FF(Ϫ41.5) promoter DNA was not retarded during electrophoresis; the D148A and S18F D148A substituted gonococcal FNR proteins did not bind to the promoter DNA. Higher concentrations of gonococcal FNR (7.8 M for the D148A derivative, 9.6 M in the case of the S18F D148A derivative) also did not bind to the promoter DNA (data not shown). The inability of either substituted gonococcal FNR proteins to bind promoter DNA in vitro signifies that the D148A substitution does not, either alone or in combination with S18F, allow FNR Ng to dimerize aerobically in the absence of an iron-sulfur center. This is in direct contrast to the corresponding D154A substitution in E. coli FNR, which allows aerobic DNA binding and transcription activation in vitro (19) . Consequently, further biochemical characterization of the gonococcal FNR in vitro will require the anaerobic reconstitution of the iron-sulfur center for each of the substituted forms of the protein.
Substitution of parts of the ARs of gonococcal FNR with the corresponding residues of the E. coli FNR protein. Substitutions in the three ARs have led to the identification of residues that interact with the ␣ and subunits of RNA polymerase (5) . At two patches of AR1, one patch of AR2, and three patches of AR3, residues of the N. gonorrhoeae FNR protein were substituted for the corresponding residues of the E. coli FNR protein (Fig. 1) . QuikChange site directed mutagenesis (Stratagene) was used, with the oligonucleotide primers listed in Table 2 , to introduce the AR substitutions into the N. gonorrhoeae fnr gene on pGCFNR3.
Five AR-substituted FNR Ng proteins activated transcription to a greater extent than the wild-type FNR Ng protein at the FF(Ϫ41.5) promoter (Fig. 7) . Substitutions in AR1, AR2, and AR3 increased the ability of FNR Ng to activate transcription at the FF(Ϫ41.5) promoter. These substitutions did not significantly alter the ratio of aerobic to anaerobic activation, implying that they did not alter the oxygen-sensing iron-sulfur center. Two AR-substituted FNR Ng proteins did not activate transcription to a greater extent than the wild-type protein: the ␤ 9 -␤ 10 substitution in AR1 did not increase the activity of FNR Ng , whereas the ␤ 4 -␤ 5 (i) substitution in AR3 decreased activity. When combined, the two substitutions that most increased the activity of FNR Ng , AR1 ␤ 7 -␤ 8 and AR3 ␤ 4 -␤ 5 (ii), further enhanced transcription activation by FNR Ng . The AR substitutions were also combined with the S18F substitution. At the FF(Ϫ41.5) promoter, six AR-substituted FNR Ng (S18F) proteins activated transcription to a greater extent than the FNR Ng (S18F) protein (Fig. 7) . As in the wild-type background, the ␤ 9 -␤ 10 substitution of AR1 did not increase the ability of the FNR Ng (S18F) protein to activate transcription. The ␤ 4 -␤ 5 (i) substitution increased transcription activation by FNR Ng (S18F), but not the wild-type protein, suggesting that the S18F substitution causes this patch of AR3 to be better aligned so as to make better contacts with E. coli 70 .
The ability of the AR-substituted FNR Ng proteins to activate transcription from the class I FNR-dependent promoter, FF(Ϫ71.5), was also assessed (data not shown). Only two ARsubstituted FNR Ng proteins, both substituted at the ␤ 7 -␤ 8 loop of AR1, activated transcription to a greater extent than the wild-type protein. Substitutions in AR2 or AR3 did not increase transcription activation by FNR Ng at p FF(Ϫ71.5) because AR2 and AR3 do not make contacts with RNAP during class I FNR-dependent transcription activation.
Effects of an S24F mutation, corresponding to the S18F change in the gonococcal FNR, on transcription activation by the E. coli FNR protein. Mutations that increase the ability of E. coli FNR to activate transcription during aerobic growth have been isolated in several laboratories, and many of these mutations map to codons for residues adjacent to the cysteines essential for binding the iron-sulfur center (17) . However, in none of these previous studies has an S24F substitution been identified.
As expected from many previous studies, introduction of the substitution D154A into the E. coli FNR protein resulted in a twofold increase in transcription activation at the class II FF(Ϫ41.5) promoter during aerobic growth, but slightly decreased activity during anaerobic growth (Fig. 8A) . Similarly, introduction of the L28H substitution increased transcription activation during aerobic growth, but the level of anaerobic transcription was slightly lower than that of the wild-type FNR. By contrast, an S24F substitution increased aerobic transcription activation 3.5-fold to a level comparable with FNR (L28H), but had no effect on anaerobic transcription activation (Fig. 8A) . Enhanced transcription activation relative to the wild type was also found with the S24F L28H and S24F D154A forms of FNR, especially during aerobic growth. Thus, at the class II FNR-dependent promoter, effects of previously described substitutions were enhanced by the additional S24F substitution.
At the class I promoter, the S24F substitution alone caused a fivefold increase in transcription activation during aerobic growth and a twofold increase during anaerobic growth (Fig.  8B) . Under both growth conditions, these rates were appreciably above those observed with the L28H or D154A substituted E. coli FNR. In combination with the S24F substitution, rates of transcription with the S24F L28H and S24F D154A forms of FNR were similar during aerobic growth, but decreased during anaerobic growth, compared with the S24F substitution alone. This again suggests that the S24F substitution activates transcription by a mechanism distinct from that induced by either L28H or D154A.
The effect of the S24F substitution on the DNA binding properties of E. coli FNR (D154A) in vitro was also assessed. Radiolabeled FF(Ϫ41.5) promoter DNA was incubated with FNR Ec (D154A) or FNR Ec (S24F D154A) and separated by polyacrylamide gel electrophoresis (Fig. 6B) . As in the previous experiment, when FNR Ec (D154A) was present at concentrations between 0.05 and 1 M, it bound to and retarded the migration of the promoter fragment. The doubly substituted FNR Ec (S24F D154A) protein also bound to and retarded the DNA fragment, but only when present at concentrations of 1.5 and 2.1 M.
Effects of the S18F and S24F substitutions on transcription repression by the gonococcal and E. coli FNR proteins. E. coli FNR represses transcription from different promoters by two distinct mechanisms. The synthetic model promoter, FFgal⌬4, is a derivative of the promoter of the E. coli galactose operon in which there is an engineered consensus FNR-binding site located between the Ϫ10 and Ϫ35 elements (33) . At this promoter, binding of FNR prevents access of RNA polymerase to its binding sites and repression is dependent upon DNA binding by FNR. In contrast, at the natural E. coli ndh promoter, FNR binds as a dimer during anaerobic growth (but not during aerobic growth) to two sites, centered at Ϫ50.5 and Ϫ94.5, forming a repression loop that prevents transcription initiation by RNA polymerase (10) . The two FNR dimers interact with each other via the repression patch, which is a surface-exposed region on the same face of FNR as AR1 (12) . Thus, unlike at the FFgal⌬4 promoter, repression is dependent upon both DNA binding and FNR dimer-dimer interactions via the repression patch. The effects of the S18F and S24F substitutions on transcription from each of these promoters were determined using strains in which these two promoters were coupled to a lacZ reporter gene. At both the ndh and FFgal⌬4 promoters, ␤-galactosidase expression during anaerobic growth was lower in the presence of either the gonococcal or E. coli FNR than in their absence, confirming that both proteins bind to repress transcription (Table 3) . However, higher expression was observed in the presence of either the unsubstituted or the S18F substituted gonococcal FNR than with E. coli FNR, indicating that both forms of the gonococcal FNR bind less tightly than their E. coli counterparts. The S18F and S24F derivatives of gonococcal and E. coli FNR repressed transcription at p ndh during anaerobic growth to a greater extent than the wild-type proteins (Table 3) . Although during aerobic growth neither the gonococcal nor the wild-type E. coli FNR affected expression from the ndh promoter, the S24F substitution resulted in decreased expression, indicating that some FNR-binding occurred even during aerobic growth.
Similar data were obtained with the FFgal⌬4 promoter. During anaerobic growth, expression was lower in the presence of either the gonococcal or E. coli FNR. However, at this promoter, the S18F substitution in the gonococcal FNR resulted in a slight increase in repression, but the S24F substitution in the E. coli FNR resulted in less severe repression than observed with the unsubstituted protein.
DISCUSSION
Expression of the gonococcal FNR in E. coli. Previous studies in this laboratory with the gonococcal fnr gene were based upon the DNA sequence in the Oklahoma Gonococcal DNA Database (URL http://www.genome.ou.edu/gono.html), which predicted the gonococcal FNR protein to be 12 amino acids longer than its E. coli counterpart (21) . Subsequently, however, fnr homologues have been identified in the published sequences of the genomes of two meningococcal strains. Despite overall similarities of 97% between FNR from meningococci and gonococci, the meningococcal counterparts lack the extra 12 N-terminal amino acids. Immediately downstream of the previously assumed start codon for translation of the gonococcal FNR sequence is a second in-frame ATG that coincides with the translation start codon of the meningococcal FNR, and is preceded by a plausible ribosome binding site. This alternative start codon was used to design plasmid pGCFNR3, from which gonococcal FNR protein, and the derivatives generated in this study, were shown by Western blotting to be expressed at levels similar to the E. coli FNR (Fig. 2 and data  not shown) . Furthermore, antisera to E. coli FNR detected proteins of identical size expressed in N. gonorrhoeae strain RUG7001, in E. coli JRG1728 transformed with pGCFNR3, and in wild-type E. coli (Fig. 2) . This confirmed that the downstream AUG codon is the translation start for gonococcal FNR, and that pFNR is a suitable vector for studying gonococcal FNR in E. coli.
Although many key features of E. coli FNR, including all four cysteine residues that bind the [4Fe-4S] iron-sulfur center, are conserved in the gonococcal FNR, the ARs differ considerably between the two proteins (Fig. 1) . For example, only 8 of the 19 residues that form AR1 are identical in the two proteins, although six of the 11 differences are conservative substitutions. Even greater differences are seen in AR3, where only three residues are identical and four of the differences are conservative substitutions. In view of these differences, it was not surprising that the gonococcal FNR activates transcription poorly in E. coli. Despite this, comparison of the sequences of the gonococcal and E. coli rpoA and rpoD genes, encoding the ␣ and 70 subunits of RNA polymerase, respectively, reveals that there are only minor differences in the residues thought to contact FNR. This might indicate that interactions between the gonococcal FNR and RNAP are somewhat different to their E. coli counterparts.
It was anticipated that the inability of the gonococcal FNR to activate transcription in E. coli is due to its inability to interact productively with the host RNA polymerase, and that mutagenesis of the ARs would be required for the gonococcal FNR to function in E. coli. The isolation of the S18F substitution was therefore unexpected and surprising for several reasons. First, although about 80,000 colonies were screened, only four contained active FNR derivatives, and in each case, the altered FNR carried the S18F mutation. Secondly, the S18F variant of the gonococcal FNR activated transcription similarly at both class I and class II FNR-dependent promoters, suggesting that the S18F mutation improves FNR activity in a nonspecific way. Thirdly, significant rates of transcription were detected during aerobic as well as during anaerobic growth. Note that the above statements assume that the steady state levels of ␤-galactosidase activity reflect rates of transcription initiation at the promoter assayed. Most of the ␤-galactosidase activities detected were less than those dependent upon the E. coli FNR protein, so this assumption is likely to be valid. Ϫ1 . c Ratio of the anaerobic activity in the absence of FNR to that in the presence of the FNR protein specified.
Mechanism of transcription activation by the S18F derivative of gonococcal FNR. Superficially, the S18F variant of the gonococcal FNR is similar to the D154A substituted form of the E. coli FNR, notably in the increased rate of transcription during aerobic growth. The primary effect of the D154A substitution is to stabilize dimerization of the FNR monomers, thereby increasing the affinity of FNR for its binding sites. Several lines of evidence indicate that this is not the primary effect of the S18F substitution in the gonococcal FNR, or of the corresponding S24F substitution in the E. coli FNR. First, the D154A substitution in the E. coli FNR increased transcription activation independently of the S24F substitution: the effects of the D154A and S24F substitutions are essentially additive. Secondly, the D154A substitution in E. coli FNR (and the D148A equivalent in gonococcal FNR) decreased the rate of transcription during anaerobic growth and hence decreased the anaerobic to aerobic induction ratio. In contrast, the S24F substitution in E. coli FNR (and the S18F equivalent in gonococcal FNR) increased transcription activation both aerobically and anaerobically. Finally, in vitro gel retardation assays failed to reveal increased affinity of purified gonococcal FNR S18F for its binding sites. We cannot explain why the corresponding S24F substitution in E. coli FNR decreased promoter binding.
Similar arguments indicate that the S18F substitution in gonococcal FNR is unlikely to realign contacts between the ARs and E. coli RNA polymerase. Thus, modifications to all three of the ARs of gonococcal FNR to make them more like E. coli FNR resulted in increased transcription activation, but when combined with the S18F substitution, the effects were again essentially additive, indicating that they modify the gonococcal FNR in different ways.
The mechanism by which the S18F substitution increases transcription activation by gonococcal FNR remains unknown. However, we envisage two possibilities. One is that the S18F substitution in gonococcal FNR improves or creates a direct contact with RNA polymerase that activates transcription. Although this region of FNR has not been previously implicated in direct contacts with RNA polymerase, this would be consistent with the phenotype conferred by the S18F substitution, which is similar to that of the AR1 ␤ 7 -␤ 8 substituted protein (Fig. 7 ). An alternative possibility is that the S18F substitution stabilizes the FNR iron-sulfur center and that this results in enhanced dimerization, DNA binding and transcription activation. Thus, the S18F substitution would be a general gain of function mutation, increasing transcription activation both aerobically and anaerobically. The location of the S18F substitution argues strongly for this second possibility. Such a mechanism would be consistent with chemical studies, which have established that Fe-S clusters synthesized in the absence of protein are extremely oxygen-labile, but can be stabilized by association with protein (14) . In particular, adjacent hydrophobic residues can stabilize iron-sulfur centers in model peptides (26) . Hence, the FNR iron-sulfur center may be stabilized by aromatic amino acids located near to the key cysteine residues (cited by Bates et al. [1] in the context of their studies of the L28H substitution of the E. coli FNR). Interestingly, replacement of an aromatic residue close to the Fe-S center of the high potential iron-sulfur protein, HiPIP, increased its accessibility to oxygen and subsequent degradation (28) . Thus, our observation that the S18F and S18Y substitutions were the most effective in increasing transcription activation by gonococcal FNR, argues for a model in which changes at residue 18 in gonococcal FNR (and the corresponding residue 24 in E. coli FNR) exert their effects by modulating the stability of the FNR iron-sulfur cluster.
